Here, we investigated whether A3F similarly interferes with HIV-1 provirus formation. We observed that both A3F and A3G inhibit viral DNA synthesis and integration, but A3F is more potent than A3G in preventing viral DNA integration. We further investigated the mechanisms by which A3F and A3G block viral DNA integration by analyzing their effects on viral cDNA processing using Southern blot analysis. A3G generates a 6-bp extension at the viral U5 end of the 3 long terminal repeat (3-LTR), which is a poor substrate for integration; in contrast, A3F inhibits viral DNA integration by reducing the 3 processing of viral DNA at both the U5 and U3 ends. Furthermore, we demonstrated that a functional C-terminal catalytic domain is more critical for A3G than A3F function in blocking HIV-1 provirus formation. Finally, we showed that A3F has a greater binding affinity for a viral 3-LTR double-stranded DNA (dsDNA) oligonucleotide template than A3G. Taking these results together, we demonstrated that mechanisms utilized by A3F to prevent HIV-1 viral DNA integration were different from those of A3G, and that their target specificities and/or their affinities for dsDNA may contribute to their distinct mechanisms.
APOBEC3F (A3F) and APOBEC3G (A3G) proteins belong to the APOBEC3 family of cytidine deaminases that exhibit broad antiviral activities (4, 12, 21, 33, 34, 37, (46) (47) (48) 56) . Members of this family of proteins contain one or two zincbinding catalytic domains with the consensus sequence (H/C)-X-E-X 23-28 -P-C-X 2-4 -C (15, 17) , but A3F and A3G proteins are the two most potent inhibitors of HIV-1 replication. The incorporation of A3F or A3G protein into HIV-1⌬vif virions causes extensive cytidine deamination on the viral minusstrand DNA during reverse transcription (RT), subsequently resulting in the massive G-to-A hypermutation of the viral genome (4, 10, 11, 18, 21, 23, 42, 48, 53, 56) . The G-to-A hypermutation is partially responsible for the detrimental effects on viral replication, since they generate stop codons and nonfunctional viral proteins (18, 35, 53) . In addition to the direct effects of G-to-A hypermutation, the presence of uridines in the nascent HIV-1 genome produced by A3 proteins might recruit cellular DNA repair machinery to degrade viral replication intermediates (51) . We and others have shown that the cytidine deaminase activity of A3G is essential for its inhibition of HIV-1 replication (24, 26, 29, 38, 40) ; however, others also have reported that the antiviral activity of A3G is independent of its editing activity (3, 31) . Our previous studies show that the A3G catalytic site mutant achieves antiviral activity similar to the physiological levels of wild-type A3G only when 50-fold or higher levels of the mutant A3G protein are incorporated into virions (26, 49) . On the contrary, it was reported that the loss of cytidine deaminase activity did not significantly affect A3F's ability to block HIV-1 replication (14) .
A3F and A3G proteins possess two catalytic domains: the N-terminal domain is involved in RNA binding and virion incorporation, whereas the C-terminal domain is associated primarily with cytidine deaminase activity and the substrate sequence specificity for deamination (4, 11, 21, 30, 48, 56) . Despite the two proteins sharing approximately 49% identity in their amino acid sequences, they have distinct sequence specificities in editing substrates: A3F prefers 5Ј-TC dinucleotides, while A3G prefers 5Ј-CC dinucleotides (the deaminated nucleotide is underlined) (2, 4, 21, 48, 56) . In addition to their substrate differences, A3G is a significantly more potent inhibitor of HIV-1 replication and causes a greater frequency of G-to-A mutations than A3F (4, 21, 48, 55, 56) . Other distinctions between the two proteins include the following: A3F exhibits a more pronounced deamination-independent effect on HIV-1 replication than A3G (14, 26) , and they differ in their dependency on HIV-1 genomic or nongenomic RNAs for virion incorporation (41) . In spite of these differences, HIV-1 utilizes similar pathways to eliminate the restriction imposed by A3F and A3G on its replication capacity. This is accomplished by targeting the proteins for proteasomal degradation through interaction with the viral accessory protein Vif, thereby preventing the incorporation of the A3 proteins into nascent virions (7, 19, 22, 25, 27, 39, 42, 43, 54) . Recently, we and others have shown that distinct regions of A3F and A3G are used to bind to different determinants of the Vif protein, suggesting independent evolutionary pathways for the two proteins (8, 13, 28, 36, 41) .
The inhibition of HIV-1 replication by A3F and A3G proteins initially was attributed exclusively to extensive G-to-A hypermutations imposed during reverse transcription on the integrated proviral genome. However, A3F and A3G were observed also to suppress viral DNA synthesis. In addition, we and others recently described novel mechanisms by which the A3 proteins are capable of inhibiting viral DNA integration (23, 26) . Our results indicated that A3G inhibits HIV-1 cDNA synthesis by reducing the efficiency of plus-strand DNA transfer. Other reports have described A3G-mediated antiviral effects at different stages of viral DNA synthesis, such as the inhibition of tRNA primer binding, the inhibition of the initiation of DNA synthesis, the inhibition of the elongation of reverse transcription, the inhibition of minus-strand DNA synthesis, and the inhibition of integration by binding to integrase (1, 5, 9, 10, 14, 20, 23) . We also showed that A3G produces an aberrant 6-bp extension at the viral U5 end of the 3Ј-LTR that cannot be properly processed and subsequently results in the prevention of provirus formation. Likewise, A3F displays phenotypes similar to those of A3G in reducing the accumulation of HIV-1 reverse transcription products and preventing proviral DNA formation (3, 14, 23, 52) ; however, the mechanisms used by A3F to block HIV-1 replication have not been as extensively investigated as those for A3G.
In this study, we examined the effects of A3F on the metabolism of HIV-1 cDNA to further understand the mechanisms by which A3F inhibits HIV-1 replication. We report here that A3F inhibits viral DNA synthesis and integration by blocking plus-strand DNA transfer and reducing the efficiency of the 3Ј processing of viral DNA ends, respectively. Furthermore, A3F exerts a greater inhibition of provirus formation than A3G. Our results show that A3F utilizes distinct mechanisms from A3G by interfering with the 3Ј-processing reactions at both U3 and U5 viral DNA ends.
MATERIALS AND METHODS
Plasmids. pFLAG-A3F(E251Q) was constructed using the QuikChange SiteDirected Mutagenesis kit (Stratagene) and confirmed by DNA sequencing. The HIV-1-based vector pHDV-eGFP and plasmid constructs of pHCMV-G, pFLAG-A3G, pcDNA3.1-A3G(E259Q), and pFLAG-A3F have been described previously (26, 36, 50) . pHDV-eGFP expresses HIV-1 Gag-Pol proteins and enhanced green fluorescent protein (eGFP); virus produced by this plasmid is referred to as HIV-1⌬vif virus.
Cells, transfection, and virus production. The human 293T cell line was obtained from the American Type Culture Collection (ATCC) and maintained as previously described (32) . Virus stocks were prepared by the transfection of 293T cells, seeded at a density of 5 ϫ 10 6 cells per 100-mm-diameter dish, with pHDV-eGFP, pHCMV-G, pFLAG-A3F, or pcDNA-APO3G (or salmon sperm DNA) using a CalPhos Mammalian Transfection kit (Clontech). For real-time PCR experiments, the transfected cell monolayers were rinsed with phosphatebuffered saline (PBS) containing 1% fetal calf serum three times each at 6 and 24 h posttransfection and once at 30 h posttransfection to reduce or eliminate contamination with transfected pHDV-eGFP DNA. Virus supernatants were harvested at 48 h posttransfection, clarified by centrifugation, filtered through 0.45-m filters, and quantified by p24 enzyme-linked immunosorbent assay (ELISA) (Perkin-Elmer).
Infection and viral DNA quantification by real-time PCR. The 293T cells were seeded at a density of 1 ϫ 10 5 cells per 60-mm-diameter dish, and 24 h later they were infected with HIV-1 preparations containing equal amounts of p24 capsid for 3 h as previously described (32) . A duplicate of each virus sample was heat inactivated at 65°C for 1 h and used to infect cells in parallel as a background control to determine the level of contamination with transfected DNA. In general, the values for the heat-inactivated viruses were Ͻ1%, indicating a low background. Cells were harvested at 6, 24, and 120 h postinfection, and total cellular DNA was extracted using a QIAamp DNA Blood Mini kit (Qiagen). The DNA then was digested with DpnI, which digests methylated plasmid DNA but not viral or cellular DNA, to further reduce plasmid DNA contamination. There are two DpnI sites in the amplicon (nucleotide [nt] 557 to 701), and DpnI digestion is expected to effectively suppress the amplification of the transfected plasmid DNA. The amounts of unintegrated viral DNA and proviruses were quantified using ABI Prism 7700 sequence detection as described previously (26) or using the Roche LightCycler 480 Real-Time PCR system and LightCycler 480 Probe Master reaction mix according to the manufacturer's instructions. Briefly, the copy numbers in each sample were adjusted for DNA input by the quantification of cellular chemokine (C-C motif) receptor 5 (CCR5) gene copy numbers and the subtraction of background signal as determined by infection with heat-inactivated virus. The primer-probe sets were purchased from Integrated DNA Technologies and were described previously (26) . Cells also were harvested 48 h postinfection and analyzed by flow cytometry (FACScan; Becton Dickinson) for eGFP expression to determine the efficiency of infection.
Analysis of G-to-A hypermutation. Total cellular DNA was extracted from infected cells, digested with DpnI to remove plasmid DNA, and used as a template to amplify the eGFP-encoding sequences with a forward primer (5Ј-C CACAAGTTCAGCGTGTCC-3Ј) and a reverse primer (5Ј-GGCACAAGCAG CATTGTTAG-3Ј). The resulting PCR product was resolved on a 1% agarose gel and purified by a QIAquick gel extraction kit (Qiagen). The purified PCR product was cloned into pGEM-T Easy vector (Promega). The plasmid DNA extracted from white colonies using the QIAprep Turbo kit (Qiagen) was sequenced. The G-to-A hypermutation was analyzed by Hypermut 2.0 software from Los Alamos National Laboratory.
Southern blot analysis of HIV-1 viral DNA ends in PICs. To isolate preintegration complexes (PICs) for Southern blot analysis, 293T cells were seeded at a density of 3 ϫ 10 6 cells per 100-mm-diameter dish and 24 h later were infected with HIV-1⌬vif virus produced in the presence or absence of A3F or A3G. Cytoplasmic DNA was extracted 6 h postinfection by washing the cells twice in buffer K Ϫ/Ϫ (20 mM HEPES, pH 7.6, 150 mM KCl, 5 mM MgCl 2 ) and lysed in buffer K ϩ/ϩ (buffer K Ϫ/Ϫ plus 0.025% [wt/vol] digitonin, 1 mM dithiothreitol, and 20 g/ml aprotinin) for 10 min at room temperature. Supernatant was collected by sequential centrifugation at 1,500 ϫ g for 4 min and 19,000 ϫ g for 1 min at 4°C and treated with RNase A (20 g/ml). The DNA samples were digested with either HindIII or EarI for the viral U5 or U3 end, respectively, resolved by electrophoresis through a denaturing polyacrylamide gel, transferred to a Duralon-UV membrane (Stratagene), and analyzed by Southern blotting as described previously (44) . Analysis of A3F and A3G binding to HIV-1 DNA. To determine the binding affinities of A3F and A3G to the HIV-1 U5 DNA end, we reconstituted the viral U5 DNA end by annealing a forward biotinylated oligonucleotide (5Ј-biotin-T CCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-3Ј) and a reverse oligonucleotide (5Ј-ACTGCTAGAGATTTTCCACACTGACTAAAA GGGTCTGAGGGA-3Ј). 293T cells were transfected with control empty vector or pFLAG-A3F, pFLAG-A3G, or pFLAG-A3F-E251Q expression plasmid, and the transfected cells were lysed 48 h posttransfection in cell extraction buffer (50) . The cell extracts were adjusted to equivalent protein concentrations by using Bradford reagent (Bio-Rad), and equal aliquots were incubated with either forward single-stranded DNA (ssDNA) oligonucleotides or annealed doublestranded DNA (dsDNA) oligonucleotides at 4°C overnight with rotation. Equal volumes of Dynabead M-280 Streptavidin (Invitrogen) were added, and the samples were incubated at room temperature for 15 min with rotation. Dynabeads were washed five times with 0.5 ml cell extraction buffer, and bound proteins were eluted by being heated in 1ϫ lithium dodecyl sulfate sample buffer (Invitrogen). The bound proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Western blotting using rabbit anti-FLAG antibody (Sigma).
Statistical analysis. We used the two-sample Student's t test to determine if viral infectivity, DNA synthesis, and integration efficiency were significantly different between two viruses. The null hypothesis was rejected in favor of the alternative hypothesis if the P value was above the significance threshold level of 0.05.
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RESULTS
Effects of A3F and A3G on HIV-1⌬vif virus infectivity and DNA synthesis. We first analyzed the effect of A3F and A3G on the accumulation of late-stage viral DNA and provirus formation using real-time PCR assays (Fig. 1 ). Since it has been reported that A3G is a more potent inhibitor of HIV1⌬vif virus than A3F, we compared their effects on viral DNA synthesis using equivalent amounts of transfected plasmid DNA, as well as amounts that caused similar reductions in viral infectivity. The infection of 293T target cells with the transfection-derived HIV-1⌬vif viruses resulted in a single round of replication, and the infection rate was determined by analyzing the level of GFP expression using flow cytometry. The multiplicity of infection (MOI) of HIV-1⌬vif viruses in the absence of A3F or A3G ranged from 1.37 to 1.51. The effect of A3F and A3G on HIV-1⌬vif viral replication then was compared to that of HIV-1⌬vif virus in the absence of the A3 proteins (Fig. 1A) . This experiment showed that the cotransfection of 2 g of pFLAG-A3F produced a reduction in infectivity comparable to that of the cotransfection of 0.5 g pFLAG-A3G (30-fold versus 33-fold), while 4 g of pFLAG-A3F produced a reduction comparable to that of 1 g of pFLAG-A3G (102-fold and 138-fold, respectively). However, when equivalent amounts (2 g) of pFLAG-A3F and pFLAG-A3G were used, A3G was approximately 10-fold more potent than A3F, with a 297-fold reduction in infectivity, whereas that for A3F was 30-fold. These results are in agreement with previously published data using equivalent amounts of A3F and A3G that showed pronounced differences in their effects on both infectivity and mutational load (3, 21, 55) . This difference in potency is not due to a difference in the packaging efficiency of the two proteins, since Western blot analysis showed that equivalent amounts of the A3F and A3G proteins are incorporated into the HIV-1⌬vif virions (Fig. 1B, upper) . This is in spite of cellular A3F proteins being expressed at slightly lower levels than those of A3G proteins when equivalent amounts of expression plasmids were used (Fig. 1B, lower) , suggesting that A3F proteins are packaged more efficiently than A3G proteins.
Viral DNA was isolated 6 h postinfection, at which point maximal viral DNA is detected (45) , and quantified by realtime PCR using a primer-probe set spanning the U5-⌿ region to detect late reverse transcription products (Fig. 1A , top schematic). The effect on HIV-1⌬vif viral DNA levels in the presence of either A3F or A3G was compared to that in the absence of the A3 proteins (set at 100%) (Fig. 1A) . The amounts of A3F or A3G that caused similar reductions in infectivity, 2 g versus 0.5 g and 4 g versus 1 g, respectively, also resulted in comparable reductions in the accumulation of viral late RT products (2.3-fold versus 2.8-fold and 6.4-fold versus 3.9-fold, respectively). In contrast, when equivalent amounts of A3F or A3G (2 g) were used, A3G had a greater effect on reducing the accumulation of viral DNA than A3F (10.6-fold and 2.3-fold, respectively).
A3G induces more G-to-A hypermutation than A3F. We analyzed the G-to-A hypermutation frequency in virions produced in the presence of levels of A3G and A3F that induced similar levels of viral inhibition ( Table 1) . As expected, the majority of A3G-induced G-to-A mutations were in the context of GG dinucleotides (66.3 to 72.9%), whereas the majority of A3F-induced G-to-A mutations were in the GA dinucleotide context (72.0 to 75.5%). The G-to-A mutation frequency was 2.54 and 0.90% when 0.5 or 2.0 g of A3G and A3F were cotransfected, respectively; similarly, the mutation frequency was 3.63 and 0.94% when 1.0 and 4.0 g of A3G and A3F were cotransfected, respectively. These results indicated that A3F induces approximately 3-to 4-fold fewer G-to-A mutations than A3G to achieve a similar level of viral inhibition and suggest that A3F uses mechanisms other than hypermutation to inhibit viral replication. A3F decreases the integration of HIV-1⌬vif virus more potently than A3G. We compared the effects of A3F and A3G on the integration efficiency of HIV-1⌬vif virus by quantifying total cellular DNA and integrated viral DNA from infected cells (Fig. 1C) (6) . The integration efficiency was determined by calculating the amount of integrated viral DNA copies as a proportion of the viral late RT DNA products at 6 h postinfection. In contrast to the effect on viral DNA accumulation, the amounts of A3F that resulted in reductions in infectivity comparable to those of A3G (2 g versus 0.5 g and 4 g versus 1 g, respectively) showed a greater impact on HIV1⌬vif viral DNA integration efficiency (7.2-fold versus 2.9-fold and 15.5-fold versus 4.4-fold, respectively). Accordingly, we conclude that A3F is a more potent inhibitor of viral DNA integration than A3G, because when equivalent amounts of A3F or A3G (2 g) were used, A3F caused a 7.2-fold reduction while A3G resulted in a 3.4-fold decrease (P ϭ 0.004). The greater antiviral activity of A3G compared to that of A3F could be attributed to its more potent ability to induce G-to-A hypermutation.
A3F decreases the efficiency of 3 processing but does not produce a 6-bp extension at the U5 3 end of viral DNA. We investigated whether A3F uses mechanisms distinct from those of A3G to more potently inhibit viral DNA integration. The integration of HIV-1 cDNA into the host genome requires the removal of GT dinucleotides at the 3Ј end of both viral DNA strands by HIV-1 integrase (IN), a process that occurs in the cytoplasm and is called 3Ј processing ( Fig. 2A, vi) . The 3Ј-processing step is followed by the transfer of the viral DNA into the nucleus, where it is ligated to the host DNA in a process called DNA strand transfer. We previously showed that A3G inhibits viral DNA integration prior to nuclear import by producing a 6-bp extension at the U5 3Ј end of viral DNA, thereby producing a poor substrate for 3Ј processing by IN (Fig. 2A, vii to ix) . We performed Southern blot analysis of the U5 3Ј end of viral DNA from cells infected with HIV-1⌬vif virus in the absence of A3 proteins or in the presence of A3F or A3G. Consistently with our previous studies, we observed a 111-nt-long fragment in the viral PICs produced from A3G-incorporated virus, which represents a 6-bp extension at the U5 3Ј end that is produced by the aberrant removal of primer tRNA by RNase H ( Fig. 2A and B) . It is hypothesized that this 6-bp extension blocks proper 3Ј processing and subsequently inhibits viral DNA integration. The absence of this fragment from the viral PICs produced from A3F-expressing cells suggests that A3F does not interfere with the removal of the primer tRNA and uses a different mechanism from A3G to suppress viral DNA integration.
We next determined the efficiency of 3Ј processing by quantifying the intensities of the 103-nt and the 105-and 106-nt bands representing the processed and unprocessed U5 viral DNA ends, respectively. As described previously (26, 44) , the 106-nt band results from the presence of an adenine ribonucleotide that remains attached to the 3Ј end of some viral DNAs. The comparison of A3F (2 g) to A3G (0.5 g), which results in comparable reductions in infectivity (Fig. 1A) , showed no effect in 3Ј-processing efficiency for A3G-containing virus (51% Ϯ 5%) but a significant reduction for A3F-containing virus (23% Ϯ 2%) compared to that of the no-A3G/ A3F control (53% Ϯ 3%) (Fig. 2B) . These results suggested that A3F (P ϭ 0.004), but not A3G (P ϭ 0.48), significantly interferes with viral U5 3Ј processing. The expression of equivalent amounts of the A3 proteins by transfecting 2 g of A3F-or A3G-expressing plasmid showed that A3F is more potent at reducing viral U5 3Ј processing than A3G (23% Ϯ 2% and 37% Ϯ 2%, respectively). In addition to the 103-nt and 105/ 106-nt bands, we also observed a 122-nt fragment produced by HindIII digestion that corresponds to the plus-strand strongstop DNA (ϩSSS DNA) ( Fig. 2A, iii) . The intensities of the 122-nt band were significantly increased in the presence of the A3 proteins compared to that of the no-A3G/A3F control (Fig.  2B) . The increase was 4-fold for 0.5 and 2 g of A3G and A3F, indicating that both A3G and A3F display comparable inhibitory effects on ϩSSS DNA transfer. The observation suggests that when A3G and A3F inhibit replication to the same extent, a similar mechanism is involved in the inhibition of this reverse transcription step.
A3F, but not A3G, interferes with U3 3 processing. We next analyzed the 3Ј-processing efficiency at the U3 end of HIV-1 DNA in the presence or absence of A3F or A3G. A 171-nt a HIV-1⌬vif was cotransfected with different amounts of A3G-or A3F-expressing plasmid, and the virus produced was used to infect 293T cells. The viral DNAs produced were analyzed by sequencing to determine the G-to-A hypermutation frequency and dinucleotide context of mutations.
b The first G nucleotide in the GG dinucleotide is the target of G-to-A mutation. c The G-to-A hypermutation frequency is higher when the amount of A3G is increased from 0.5 to 1.0 g (P ϭ 0.000002).
d The G-to-A hypermutation frequency is not significantly higher when the amount of A3F is increased from 2.0 to 4.0 g (P ϭ 0.78). The partially released ϩSSS DNA is transferred and annealed to the PBS of minus-strand DNA. (ix) Both strands are extended to the complete full-length cDNA synthesis, and reverse transcription of the fragment of the tRNA primer that remains associated with the minus-strand DNA generates a 6-nt extension at the 3Ј end of the plus-strand DNA. This generates an aberrant 111-nt fragment following digestion with HindIII. The thin line represents RNA; the thick line, DNA; dashed thin lines, RNA template degraded by RNase H; arrows, the direction of DNA synthesis; the black box, the riboprobe that hybridizes to the plus strand of U5 at the 3Ј-LTR. (B) Southern blot analysis of U5 viral DNA plus strand at the 3Ј-LTR. Viral preintegration complexes (PICs) were harvested at 6 h postinfection, and viral late RT products were quantified by real-time PCR probing the U5-region. The virions were produced in the absence of A3G/A3F or in the presence of 0.5 or 2 g of A3G or 2 g of A3F. Viral late RT products (3 ϫ 10 7 copies) from each sample were digested with HindIII and analyzed by Southern blotting. The ϩSSS DNA fragment (122 nt), aberrant DNA fragment (111 nt), unprocessed 3Ј-U5 plus-strand DNA fragment (105 nt), and the processed 3Ј-U5 plus-strand DNA fragment (103 nt) are shown. The 3Ј-processing efficiency was calculated by the proportion of processed band (103 nt) to the processed plus unprocessed bands (103 nt and 105 plus 106 nt). The 106-nt band is not labeled. The values are averages from two independent experiments Ϯ standard errors.
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on January 21, 2018 by guest http://jvi.asm.org/ fragment representing the unprocessed U3 viral DNA end and a 169-nt fragment representing a 3Ј-processed U3 viral DNA end were observed ( Fig. 3A and B) . The 3Ј-processing efficiency at the U3 end in the absence of the A3 proteins was 67% Ϯ 3%. The expression of 0.5 or 2 g of A3G had no obvious effects on processing reactions, since their processing efficiencies were comparable to those of virus without A3 proteins (72% Ϯ 8% and 58% Ϯ 3%, respectively). However, the expression of 2 g of A3F significantly reduced the 3Ј-processing efficiency to 40% Ϯ 2% (P ϭ 0.002). These experiments demonstrated that A3F interferes with viral U3 3Ј processing while A3G does not. Taken together, these data showed that A3F blocks viral DNA integration by significantly interfering with the 3Ј processing at both viral DNA ends. The role of cytidine deamination activity in the A3G-and A3F-mediated inhibition of HIV-1 DNA integration. To determine if cytidine deamination activity plays a role in blocking HIV-1 DNA integration, we investigated the effects of A3F and A3G cytidine deamination mutants on the processing of viral DNA ends. As shown in Fig. 4A , the glutamic acid residues of the H-X-E-X 27 -P-C-X 2 -C motifs in the C-terminal catalytic domain of the A3 proteins, which act as the proton donors in the deamination reaction, were mutated to glutamine to abolish their cytidine deaminase activities and generate mutants A3G-E259Q and A3F-E251Q (14, 24, 26, 40) .
First, we observed that unlike wild-type A3G, the A3G-E259Q mutant did not inhibit HIV-1 replication, suggesting that the cytidine deaminase activity is indispensable for A3G antiviral activity (Fig. 4B) . Furthermore, the infectivity of HIV-1⌬vif virus in the presence of wild-type A3G was significantly lower than the infectivity in the presence of the A3G-E259Q mutant (P ϭ 0.01). In contrast to A3G, both wild-type A3F and the A3F-E251Q mutant inhibited HIV-1⌬vif replication, whereas the no-A3F control did not (Fig. 4B) . In addition, the HIV1⌬vif infectivity in the presence of wild-type A3F was not significantly different from the infectivity in the presence of the A3F-E251Q mutant (P ϭ 0.35).
The results shown in Fig. 4C reveal that the A3G cytidine deamination mutant does not significantly affect viral DNA synthesis compared to that of the no-A3G/A3F control. Additionally, the amount of viral DNA detected in the presence of wild-type A3G is significantly lower than the amount of DNA detected in the presence of the A3G-E259Q mutant (P ϭ 0.04). In contrast to A3G, both the wild-type A3F and the A3F-E251Q mutant substantially reduced the amount of detectable viral DNA (P Ͻ 0.05), and there was no difference in the amount of viral DNA in the presence of the wild-type or mutant A3F proteins (P ϭ 0.74).
To determine the effects of the catalytic site mutants of A3F and A3G on viral DNA integration, the numbers of integrated proviruses were quantified (Fig. 4D) . Unlike the wild-type A3G, the A3G-E259Q mutant did not significantly affect the integration efficiency of HIV-1⌬vif virus. In contrast, both wild-type A3F and the A3F-E251Q mutant significantly inhibited viral DNA integration. These data indicate that the cytidine deamination activity is crucial for A3G's but not A3F's ability to inhibit HIV-1 infectivity, viral DNA synthesis, and viral DNA integration.
Southern blot analysis was performed to further examine the requirement of the cytidine deamination activity of the A3 proteins in preventing HIV-1 DNA 3Ј processing (Fig. 4E) . First, we observed that the 111-nt aberrant band that is produced in the presence of wild-type A3G was absent in A3G-E259Q-containing viruses (Fig. 4E, lanes 2 and 3) . This observation indicated that the A3G catalytic domain is required for the generation of the 6-bp extension at the U5 3Ј end of viral DNA. Second, we noted no change in the amount of ϩSSS DNA produced in the presence of mutant A3G but a 3-fold increase in the presence of wild-type A3G, indicating that the inhibition of ϩSSS DNA transfer also required a functional A3G catalytic domain (Fig. 4E, lanes 2 and 3) . Finally, we observed that viruses containing the mutant A3F displayed an intermediate phenotype regarding the accumulation of ϩSSS DNA and U5 3Ј-processing efficiency. Thus, the accumulation of ϩSSS DNA in the presence of 2 g of mutant A3F increased by 2-fold, and it was 6-fold in the presence of 2 g of wild-type A3F (Fig. 4E, lanes 6 and 7) . Similarly, viral U5 3Ј-processing efficiency in the presence of 2 g of mutant A3F was 34% Ϯ 1%, and it was 50% Ϯ 2% and 26% Ϯ 4% in the absence of A3F and presence of 2 g of wild-type A3F, respectively (Fig. 4E, lanes 4, 6, and 7) . Overall, these data indicate that the catalytic site mutant of A3F has an intermediate phenotype with respect to the inhibition of viral DNA synthesis and 3Ј processing; thus, both cytidine deaminase- A3F and A3G display different binding affinities to dsDNA. We investigated the possible mechanisms that contribute to A3F's inhibition of 3Ј processing and integration by analyzing the affinity of A3F and A3G to single-stranded DNA (ssDNA) and double-stranded (dsDNA). We examined the association of A3F and A3G with a 42-bp biotinylated DNA fragment from the unprocessed 3Ј end of HIV-1⌬vif using a magnetic bead capture assay (Fig. 5A) . Equal amounts of total protein from 293T cells transfected with a control plasmid, pFLAG-A3F, or pFLAG-A3G were incubated with biotinylated ssDNA or dsDNA and precipitated using streptavidin-conjugated beads. The input cell lysate and precipitated samples were analyzed by Western blotting using an anti-FLAG antibody. Since A3F and A3G form ribonucleoprotein complexes in vivo, the cell lysates were treated with either RNaseOUT (an inhibitor of RNase A) to retain the complexes (Fig. 5A and C) or RNase A to dissociate the RNA-protein complexes (Fig. 5B  and D) . In the presence of RNaseOUT or RNase A, we observed that the amounts of A3F and A3G proteins bound to ssDNA correlated with the input cell lysates, suggesting that their binding affinities for ssDNA are not significantly different ( Fig. 5A and B, lanes 1 to 6) . In contrast, neither A3F nor A3G bound to dsDNA in the presence of RNaseOUT (Fig. 5A,  lanes 7 to 9) . Following RNase A treatment, however, we observed that significantly more A3F was bound to dsDNA than A3G (Fig. 5B, lanes 7 to 9) . This observation suggests that ϩ cells compared to the proportion of GFP ϩ cells in the absence of A3F or A3G (set to 100%). (C) Relative DNA synthesis efficiency was determined by the quantification of viral late RT products at 6 h postinfection compared to the viral late RT products in the absence of A3F or A3G (set to 100%). (D) Relative integration efficiency was determined by quantifying the proportion of integrated proviruses at 5 days postinfection to the viral late RT products at 6 h postinfection (U5--120 h/U5--6 h). The integration efficiency in the absence of A3F or A3G was set to 100%. Error bars in all graphs represent the standard deviations from at least three independent experiments. All P values were determined using the two-sample t test. The asterisks indicate significant P values (Ͻ0.05) compared to results for the no-A3G/A3F control. (E) Southern blot analysis of the effects of CD2 mutations on viral DNA ends. Viral preintegration complexes were harvested and analyzed as shown in Fig. 2 . The numbers in parentheses above each lane indicate the micrograms of the indicated plasmid used for transfection. The processing efficiencies were calculated as shown in Fig. 2 by the analysis of this blot. The values are averages from two independent experiments Ϯ standard errors.
RNA-dissociated A3F has a higher affinity for dsDNA than does RNA-dissociated A3G. These results are consistent with the hypothesis that A3F has a higher affinity than A3G for dsDNA, and as a result, A3F binds to the viral DNA ends and inhibits the 3Ј-processing reaction catalyzed by IN more efficiently than A3G.
We used this assay to analyze the potential effect of the E251Q mutation in A3F on its dsDNA binding affinity (Fig. 5C  and D) . The results showed that the wild-type A3F and the A3F-E251Q mutant both bound to ssDNA and dsDNA with a similar efficiency. This result was consistent with the observation that the E251Q mutation had little effect on the ability of A3F to inhibit the efficiency of 3Ј processing and viral DNA integration.
DISCUSSION
In these studies, we compared the mechanisms by which A3F and A3G inhibit HIV-1 replication and found significant differences. Surprisingly, we found that even though these two proteins share 49% amino acid identity, they inhibit HIV-1 integration and provirus formation through different mechanisms. A3F primarily inhibits the 3Ј-processing reaction catalyzed by HIV-1 IN and displays a partial dependence on cytidine deaminase activity. In contrast, A3G has a minimal effect on 3Ј processing and is associated with an aberrant 6-bp extension at the viral DNA end; furthermore, A3G's cytidine deaminase activity plays a critical role in its ability to generate the 6-bp extension at the viral DNA end and to inhibit provirus formation. These studies show for the first time that despite their structural similarities, A3F and A3G inhibit HIV-1 integration using different mechanisms.
In addition to their different effects on provirus formation, A3F and A3G display other differences in their antiviral activities. First, consistently with previous studies, we observed that A3F is less potent at suppressing HIV-1 replication than A3G, given that 4-fold more A3F plasmid DNA is needed to achieve similar antiviral activity (4, 21, 48, 55, 56) . We show that this is not due to differences in the packaging efficiencies of the two A3 proteins. Second, A3F displays a reduced cytidine deaminase activity but a greater cytidine deaminase-independent antiviral activity than A3G. In agreement with previous findings (14, 24, 26) , A3F and A3G both reduced the accumulation of HIV-1 reverse transcription products; furthermore, A3F and A3G amounts that caused similar reductions in viral infectivity also caused similar reductions in viral DNA accumu- lation as determined by quantitative real-time PCR. We previously observed that the effect of A3G on viral DNA accumulation was dependent on its cytidine deaminase activity (26) . Correspondingly, Southern blot analysis indicated that the inhibition of plus-strand DNA transfer and an increase in the amount of ϩSSS DNA by both A3F and A3G also was dependent on cytidine deaminase activity. Although previous studies have shown that both A3F and A3G proteins partly inhibit HIV-1 replication by reducing provirus formation (23, 26) , the mechanisms used by A3F and how much this effect contributes to their overall antiviral activities has not been extensively investigated. Contrary to their effects on viral DNA synthesis, our data clearly show that A3F is a more potent inhibitor of viral DNA integration, despite the overall magnitude of antiviral activity of A3F being 10-fold less than that of A3G. An A3G cytidine deamination mutant was defective in inhibiting integration and did not generate the 6-bp extension at the U5 end. In contrast, an A3F cytidine deamination mutant, A3F-E251Q, still was able to inhibit 3Ј processing and integration, albeit to a lesser extent than wildtype A3F, indicating that the A3F cytidine deamination activity plays a minor role in the inhibition of viral DNA integration. In summary, the block to viral DNA integration by A3G but not A3F is almost entirely dependent on cytidine deamination activity.
We explored the cytidine deaminase-independent mechanism by which A3F inhibits 3Ј processing by determining the relative affinities of A3F and A3G to single-and doublestranded nucleic acids. Our results showed that cell-derived A3F and A3G bound to single-stranded DNA with similar efficiency before and after RNase A treatment; in contrast, A3F bound to dsDNA with a higher affinity than A3G upon the RNase A treatment of the cell lysates. These results are consistent with the hypothesis that A3F binds to viral DNA ends more tightly than A3G, and as a result it blocks 3Ј processing by IN more efficiently than A3G. These results also are consistent with previous reports that A3G has a similar affinity for single-stranded RNA and DNA and a much lower affinity for double-stranded DNA (16, 53) . A recent study also showed that both A3F and A3G interact with IN in an RNA-dependent manner, suggesting that the interactions with IN are indirect (23) .
The role of the cytidine deamination of A3G in its antiviral activity is controversial, since conflicting conclusions have been reached by different groups. Several reports show that the antiviral function of A3G is not associated with a functional cytidine deaminase activity (3, 31), but we and others have shown that functional editing activity is indispensable for A3G to inhibit viral infection (24, 26, 38, 40) . Here, we again show that editing activity is absolutely required for A3G's antiviral activity; furthermore, in agreement with Holmes et al. (14) , we observed that A3F antiviral activity is not dependent on its catalytic activity.
These observations suggest that the A3 proteins have developed into a versatile and multifaceted arm of the host innate immune response that defends against retroviruses as well as other viruses. Our studies support a novel concept by which two of these A3 proteins have evolved to share common antiviral pathways but use distinct cytidine deaminase-dependent and -independent mechanisms. We speculate that, through the result of virus-host interactions over evolutionary time, A3G and A3F have developed distinct but overlapping mechanisms to provide broad and robust protection against a variety of viral pathogens.
